Aqueous stable luminescent ZnO quantum dots (QDs) were successfully synthesized with primary amine groups on the surface, which were designed to conjugate with folic acid (FA) to produce the final ZnO-FA QDs. Such ZnO-FA QDs were able to target some specific cancer cells with overexpressed FA receptors on the membranes and thus differentiate the MCF-7 cancer cells from the normal 293T cells. The nanoparticle uptaking experiments by different cells were carried out in parallel and tracked by confocal laser microscopy dynamically. The results confirmed the specificity of our ZnO-FA QDs towards the FA-receptor overexpressed cancer cells, which had potential for diagnosing cancers in vitro.
Introduction
Cancers are seriously threatening human health [1, 2] , but early diagnosis techniques are deficient, and the clinical therapy methods against cancers are inefficient at present. Fortunately, during numerous investigations concerning cancers in recent decades, researchers have found many special receptors on cancer cell surfaces [3] [4] [5] [6] [7] [8] that can be utilized to import the label molecules or drugs with the targeting groups. For example, there are plenty of folic acid (FA)-α receptors on the surfaces of epithelial ovarian cancer cells that can be labeled by FA-functionalized fluorescent agents so that the tumor-specific fluorescence imaging can supply great assistance in human ovarian cancer surgery [9] . In fact, FA receptors are overexpressed on cancer cell membranes in the ovary, endometrium, kidney, lung, breast, and so on, but exist at low levels on the normal cells [10] [11] [12] [13] . Thus, FA groups are widely modified onto various fluorescent materials like organic dyes, gold nanoclusters [14, 15] , semiconductor quantum dots (QDs) [16, 17] , and rare earth nanoparticles [18, 19] for detection of cancer cells both in vivo and in vitro. Due to the high sensitivity and real-time imaging ability of fluorescent techniques, the FA-modified probes can help the rapid diagnosis of cancers when the tissue slices are analyzed in vitro. Therefore, preparing highly efficient fluorescent probes that can differentiate between cancer cells and normal cells is an urgent task in front of researchers.
Photoluminescent ZnO QDs have been reported in many biological studies, such as cell imaging [20, 21] , drug delivery [22, 23] , animal experiments [24, 25] , and antibacterial agent [26] [27] [28] . As a kind of fluorescent probe, ZnO QDs are much more stable than organic dyes, especially under ultraviolet (UV) light; they are almost nontoxic in comparison with the classical CdSe/CdTe QDs, and they are much smaller and cheaper than the popular rare earth-based nanoparticles. Hence, developing ZnO-based nanoprobes is possible to push forward the fluorescent probes for future industrialization. However, ZnO fluorescence mainly arises from the surface defects, which are sensitive towards the chemical environment. Water, acids, some transition metal ions, and strong organic ligands are able to quench ZnO fluorescence [29] . To obtain aqueous ZnO QDs with special groups, the synthetic routes and surface modifications should be carried out critically. So far, the FA-functionalized ZnO QDs are rarely seen in the literature, and their successful application to cancer cells remains a challenge.
In this work, we designed a new route to synthesize water-stable ZnO@polymer core-shell QDs (ZnO-NH 2 ), which had amine groups on the external shells. Then FA was conjugated onto the ZnO surface as a targeting moiety through the reactions between FA and amine groups to produce the final ZnO-FA QDs. Both ZnO-NH 2 and ZnO-FA QDs were characterized carefully, and they showed stable yellow fluorescence in aqueous solutions. Afterwards, they were incubated with two kinds of cells, respectively: the human breast carcinoma cells MCF-7 and the human embryonic kidney cells 293T. By the fluorescence imaging technique under a confocal laser scanning microscope (CLSM), we found the cellular uptake process of ZnO-FA QDs by MCF-7 cells was much more significant than those of two other control groups, ZnO-FA/293T and ZnO-NH 2 / MCF-7, which verified the specific targeting ability of ZnO-FA QDs towards MCF-7 cells. 25 g of methacrylic acid was dissolved in 100 mL of deionized water and heated to 60°C, and then 12.5 g of ZnO powder was added into the solution to get zinc methacrylate. Subsequently the solution was evaporated by rotary evaporator to be solid zinc methacrylate then dehydratd in a vacuum oven at 80°C for 24 h. 0.05 g of 2, 2′-azobisisobutyronitrile (AIBN) and 20 mL of 0.05 M 2-Amionethyl methacrylate hydrochloride triethylene glycol solution were dissolved in 20 mL of 0.05 M zinc methacrylate triethylene glycol solution. The solution was stirred and heated at 65°C for 10 min Then another 0.05 g of AIBN and 20 mL of 0.1 M LiOH triethylene glycol solution were added into the reaction system and kept stirring at 72°C for 1 h. After cooling down to room temperature, the solution was dialyzed against deionized water for 3 d to obtain the purified ZnO-NH 2 QDs.
Materials and methods

Synthesis of folic acid-conjugated ZnO QDs
To modify FA onto ZnO QDs, 1 mg of FA was dissolved in 0.5 mL of dimethyl sulfoxide (DMSO), then 1 mg of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) was added and stirred for 30 min Afterwards, 15 mL of ZnO-NH 2 QDs aqueous solution was added into the reaction mixture and stirred overnight at room temperature. The obtained solution was dialyzed against deionized water for 2 d to obtain the final ZnO-FA QDs.
Characterization
Various instruments were employed to characterize the ZnO QDs. The transmission electron microscopy (TEM) images were obtained from a Tecnai G2 F20 S-twin field emission transmission electron microscope. The x-ray diffraction (XRD) patterns were collected at room temperature using a Bruker D4 Endeavor x-ray diffractometer with Cu-Ka radiation (λ = 0.1541 nm, 40 kV). The dynamic light scattering (DLS) spectra and zeta potentials were measured on a Malvern ZS-90 Zetasizer. The UV-vis absorption data were recorded by a Unico 2802 UV/Vis spectrometer. The Fourier transform infrared spectra were recorded on a Perkin Elmer Avatar 360 E. S. P. FTIR spectrometer in a range of 4000 ∼ 400 cm
, using the KBr pellet method. The PL spectra were recorded by a Horiba JobinYvon fluoromax-4 spectrofluorometer.
Cell viability assay
Typical thiazolyl blue tetrazolium bromide (MTT) assays were applied in cytotoxicity evaluation for MCF-7 cells. Cells were seeded at 7 × 10 3 cells per cell into a 96-well cell culture plate in an incubation medium (DMEM) with 10% FBS at 37°C and with 5% CO 2 for 24 h. Then the cells were incubated with various concentrations of ZnO-NH 2 QDs and ZnO-FA for 24 h, respectively. Finally, the formazan crystals were dissolved in DMSO, and the absorbance of MTT at a wavelength of 492 nm was measured by an automatic ELISA analyzer.
Cell imaging experiments
Before the confocal fluorescent imaging, MCF-7 cells and 293T cells were cultured on 35 mm glass-based culture dishes at a density of 5 × 10 4 cells/mL in DMEM for 24 h. ZnO-NH 2 QDs and ZnO-FA NPs were added into the incubation medium at the Zn 2+ concentration of 10 μg mL −1 for different incubation periods in 5% CO 2 at 37°C. Then the cover glasses were visualized by an Olympus IX2-DSU disk scanning confocal microscope.
Result and discussion
In order to obtain aqueous ZnO QDs, various modifications like organic ligands [30] , inorganic shells [31] , and polymer coatings [20] have been investigated in recent decades. Here we designed copolymer shells for ZnO QDs, and the synthetic route is shown in scheme 1. First, ZnO@polymer core-shell QDs (ZnO-NH 2 ) were synthesized through a two-step copolymerization method, according to our previous invention. In the present work, a new monomer with amine group, 2-amionethyl methacrylate hydrochloride, was employed for copolymerization with ZnO-MAA in the presence of an AIBN initiator. In this way 2-amionethyl methacrylate hydrochloride was bound onto the ZnO surface to get a copolymer shell with the internal hydrophobic polymethacrylate layer and the external hydrophilic amine groups so that the obtained ZnO QDs were modified with amine groups on the surfaces. Secondly, the γ-carboxyl group of FA was activated by EDC and participated in the conjugation with the primary amino groups on the surface of ZnO QDs to produce stable ZnO-FA QDs. Finally, the ZnO-FA QDs were purified by repeated dialyses and dispersed in water homogeneously. The high-resolution TEM (HRTEM) images in figure 1(a) show that the ZnO-NH 2 QDs are uniform and monodispersed with average diameters of about 3.9 nm. After conjugation of FA, the final ZnO-FA QDs are still stably dispersed with ZnO lattice fringes, which are about 0.25 nm, corresponding to the 101 planar spacing of the wurzite structure ( figure 1(b) ). The powder XRD pattern of ZnO-NH 2 is consistent with the typical ZnO wurtzite structure, as shown in figure 1(c) , according to the Debye-Scherrer formula D = 0.89λ/βcosθ, where λ is the x-ray wavelength (Kα = 0.154 184 nm), β is the Bragg diffraction angle, and θ is the full width at half-maximum of the XRD peak. After calculation, the mean size of the ZnO-NH 2 is 4.8 nm, which is consistent with the HRTEM results. The DLS measurement in figure 1(d) indicates that the ZnO-NH 2 and ZnO-FA QDs had a narrow size distribution around 8 nm. The average hydrated diameters of ZnO-NH 2 and ZnO-FA QDs were 7.5 and 8.7 nm, respectively. The larger diameter observed from DLS included not only the QD's core, but also the hydrated layers adsorbed around ZnO QDs [32] .
The UV-vis and the infrared (IR) spectra of FA, ZnO-NH 2 , and ZnO-FA samples were compared, respectively, to verify the FA modification on ZnO QDs. The typical absorption bands at 281 and 356 nm for FA [33] are clearly seen in the absorption curve of ZnO-FA (figure 2), indicating that a considerable amount of FA molecules have been grafted onto ZnO QDs successfully. In the meantime, the absorption band at about 340 nm for ZnO-NH 2 also appears in the ZnO-FA curve, which proves that the ZnO structure was not destroyed in the conjugation reaction. It is known that the conjugation reaction usually takes place between one of the two FA carboxyl groups (γ-carboxyl group at the end of the FA molecule) and a primary amine group from another molecule [34] , as shown in scheme 1. This reaction mechanism can be proved by the IR analyses in figure 3 . In the ZnO-NH 2 sample, the polymer coating on the ZnO surfaces was confirmed by the IR bands at 1722 and 2876 cm −1 , which were from the C = O and C-H groups of the monomers. The two bands at 3400 and 1583 cm −1 [21] , corresponding to the N-H stretching vibration and NH 2 bending mode of the free NH 2 groups, respectively, proved that primary amine groups had been grafted onto the ZnO surfaces. After FA conjugation, both the N-H bending mode of the free NH 2 groups in ZnO-NH 2 QDs at 1583 cm −1 and the O-H stretching of COOH in FA at 3142 cm −1 disappear together in the ZnO-FA sample [22] . In the meantime, the characteristic FA band of the v (N-H) amide II vibration is observed in the ZnO-FA sample at 1605 cm −1 , while other characteristic FA peaks are unaltered in the ZnO-FA sample, indicating that the FA structure is not damaged after conjugation.
The photoluminescent (PL) emission of ZnO-NH 2 QDs is around 554 nm, which is the typical luminescence related with ZnO surface defects (figure 4). The PL emission of ZnO did not change significantly when FA was grafted onto ZnO, because the conjugation reaction was carried out carefully at moderate conditions, and the copolymer shells had protected the ZnO cores tightly. The method of coating polymer is critical in protecting the visible fluorescence of ZnO QDs. For example, Sun et al [35] mixed ZnO QDs with α-zirconium phosphate nanoplatelets and poly(methylmethacrylate) Figure 2 . UV-vis absorption curves of FA, ZnO-FA, and ZnO-NH 2 in aqueous solutions. (PMMA) in acetone to cast films with both UV emission and visible luminescence, but when the films were dried at 120°C, the visible luminescence of the ZnO QDs was quenched, because the ZnO surface defects were passivated by the PMMA. If some polymers cannot suppress ZnO QD aggregation effectively, ZnO visible emission can also be quenched. In our previous research, polyethylene oxide and ZnO nanoparticles were mixed in solvents and evaporated to be composite films. When the ZnO content increased, the nanoparticles aggregated more and more heavily, and the ZnO visible emission intensity decreased gradually [36, 37] . In this work, ZnO QDs were coated tightly by a copolymer shell through the in situ polymerization on the ZnO surface.
In the well-designed copolymer shell, the inside hydrophobic layer prevented water attack towards the luminescent centers on the ZnO surface, and the outside hydrophilic groups made ZnO QDs dispersed homogeneously in water. Thus the subsequent conjugation with FA did not damage the luminescence of ZnO QDs. Cytotoxicity is one of the most important assessment criteria for evaluating biomaterials before cell experiments, which is typically measured by the MTT assays. In figure 5 , the cell vitality results confirmed that both ZnO-NH 2 and ZnO-FA were almost nontoxic to MCF-7 cells. After incubation with these QDs for 24 h, more than 80% of the MCF-7 cells survived when the corresponding concentration of Zn ions was less than 10 μg mL −1 . It is interesting that the cytotoxicity of the ZnO-FA QDs towards MCF-7 cells was higher than ZnO-NH 2 QDs to the same cells. According to our previous research [21] , although ZnO QDs are less toxic than many other semiconductor QDs, excess Zn 2+ ions resulting from ZnO decomposition in cells and the related ROS (reactive oxygen species) showed considerable cytotoxicity in MTT assays. Therefore, the enhanced cytotoxicity of ZnO-FA QDs towards MCF-7 cells can be ascribed to the FA conjugation, which promoted the cellular uptake amount of ZnO-FA QDs and resulted in higher concentrations of Zn 2+ ions and ROS in cells. In a previous work, Zhao et al [16] also demonstrated that FA had a high affinity to FA-receptor (FR) and resulted in the preferential accumulation of the γ-cyclodextrin-folate complex-functionalized CdSe quantum dots in FR-positive tumor cells, inducing the enhancement of the cytotoxicity towards the FR-positive tumor cells.
FA has been widely conjugated with nanoparticles for biological applications, but several issues in this area should be addressed. One is the mostly reported FA-QDs are Cdrelated QDs, while the Cd element has been proved toxic to both animals and cells [37, 38] . Another is that many FAmodified nanoparticles are larger than 15 nm, so they cannot be cleared by the kidney. For example, Chan et al grafted FA and the anticancer drug camptothecin (CPT) onto the EuGd-MSN surface to give multifunctional mesoporous silica nanoparticles (EuGd-SS-CPT-FA-MSNs) for in vitro and in vivo dual-mode imaging, theranostics, and targeted tracking. However, the decomposition or excretion of such over 110 nm-sized nanoparticles remained a problem [39] . In contrast, ZnO QDs seem to overcome the above-mentioned drawbacks, because ZnO QDs have lower cytotoxicity and smaller sizes; most importantly, ZnO QDs can be biodegraded and excreted easily by animals. In fact, there are few reports concerning target bio-imaging by FA-modified ZnO QDs so far, because it is really difficult to synthesize such material with strong and stable luminescence. In the present research, we successfully synthesized the stable ZnO-NH 2 QDs as the precursors. Since the ZnO cores were protected by the polymer shells, the FA conjugation did not damage the fluorescence, which arose from the ZnO surface defects. Thus the ZnO-FA QDs could be employed as the specific fluorescent probes for cancer cells.
It is known that the human breast carcinoma cells MCF-7 possess many FA receptors on the membrane, while the human embryonic kidney cells 293T do not. So we compared the cellular uptaking processes of ZnO-FA QDs, employing the FR-positive breast cancer cells MCF-7 and the FR-negative embryonic kidney cells 293T at different time intervals. Under a CLSM, all imaging profiles in figure 6 exhibit gradually increased fluorescent intensities, indicating that the QDs uptaken by cells are inevitable. But the profile composed of ZnO-FA QDs and MCF-7 cells ( figure 6(a) ) exhibits the strongest fluorescence throughout the procedure, which suggests that the interactions of FA groups on ZnO QDs and FA receptors on MCF-7 cell membranes significantly facilitate the endocytosis of ZnO-FA into the cells. The profile composed of ZnO-NH 2 QDs and MCF-7 cells ( figure 6(b) ) and the profile composed of ZnO-FA QDs and 293T cells ( figure 6(c) ) show much weaker fluorescence, which proves that specific recognition takes place only when both FA and FA receptor coexist in the cell culture environment. To observe such recognition more clearly, the fluorescent intensity variations of different profiles are compared in figure 7 . The PL intensity of the MCF-7 cells treated with ZnO-FA is higher than the MCF-7 cells treated with ZnO-NH 2 and the 293T cells treated with ZnO-FA throughout the procedure, in accordance with figure 6 . Therefore, the ZnO-FA QDs can be utilized as targeted fluorescent probes for the diagnosis of FRpositive cancer cells in vitro.
Conclusion
Among the numerous reports concerning luminescent QDs and cell imaging experiments, our present research has made progress in two aspects. One is successfully grafting FA onto ZnO QD surfaces to obtain aqueous stable colloids with strong fluorescence. The other is employing such ZnO-FA QDs as fluorescent probes to recognize cancer cells with overexpressed FA receptors so as to differentiate cancer cells from the normal ones. Such progress is ascribed to the critically controlled synthetic conditions and the well-designed structure of the core-shell QDs. In future work, ZnO-FA QDs will be developed as novel nanocarriers that deliver anticancer drugs in solid tumors for killing cancer cells specifically.
